. To some extent, this indicates that the ecological environment has caused evolution of nematode virulence, which is a serious threat to agro-ecology and agricultural production. Classifying SCN populations by the published race scheme (Riggs & Schmitt, 1988) or the HG type test (Niblack et al., 2002) based on their virulence phenotype involves assessing the reproductive potential of a given population on a set of soybean indicator lines. Currently, planting SCN-resistant cultivars is the primary method of controlling the nematode (Mitchum, 2016; Mitchum, Wrather, Heinz, Shannon, & Danekas, 2007; Niblack, Colgrove, Colgrove, & Bond, 2008) .
Because SCN-resistant cultivars can invoke a defence against SCN population, a solid understanding of SCN genome information is the basis for analysing the mechanisms underlying pathogenicity and breeding for new SCN-resistant cultivars (Gardner, Heinz, Wang, & Mitchum, 2017; Kadam et al., 2016; Patil et al., 2019) .
Race X12 was isolated from a soybean field heavily infected by SCN in Shanxi Province, China. To date, this race is able to successfully parasitize all resistant soybean germplasm tested, including the four indicator lines of the race scheme (Peking, Pickett, PI88788 and PI90763) (Riggs & Schmitt, 1988) , the seven indicator lines of the HG type test (Peking, PI88788, PI90763, PI437654, PI 209332, PI 89772 and PI548316) (Niblack et al., 2002) and ZDD2315, the most promising elite resistant germplasm from China. Indeed, ZDD2315 is resistant to all SCN populations identified thus far, except for the newly identified race X12 (Lian et al., 2017) . PI437654 is another elite resistant germplasm from the United States that is vulnerable to few natural SCN populations (Donald & Young, 2004; Jiao et al., 2015) . Accordingly,X12isthoughttoexpressadditionalornewvirulencefactors compared with other races, and it constitutes a potentially serious threat to soybean production, especially in China. Overall, genetic and genomic information for X12 is crucial for understanding the evolution of SCN parasitism genes and breeding additional resistant cultivars.
Genome sequencing of the free-living nematode Caenorhabditis elegans (The C. elegans sequencing consortium, 1998) and the parasitic nematodes Meloidogyne hapla (Opperman et al., 2008) and Globodera rostochiensis (Akkeretal.,2016) hasprovidedreferencegenomesthat can be utilized for comparison with parasitic nematodes. The genetic mapofSCNwasreportedin2005with10linkagegroups (Atibalentja etal.,2005) .AlthoughadraftgenomesequenceforSCNwasrecently published with 738 contigs in the genome, these contigs were not successfully assembled into chromosomes (Masonbrink et al., 2019) .
Genome sequencing of the X12 race is extremely important for our understanding of SCN virulence genes.
In this study, PacBio sequencing, 10X Genomics sequencing and Hi-C were applied to assemble the genome of the newly reported SCN race X12. The sequence information provided in this study combined with other published nematode genomes will allow for comparative genomic approaches to study fundamental nematode biology, gene function, nematode parasitism and evolution. As plant-parasitic nematodes are among the most damaging and difficult-to-control agricultural pests, available genome sequences will help scientists meet the current and future worldwide demands for food and bioenergy by providing powerful information for the development of new control paradigms and by minimizing crop losses.
| MATERIAL S AND ME THODS

| Selection of individuals for sequencing
The genomes of Heterodera glycines are challenging to sequence and assemble because these animals are dioecious with exceptionally high levels of population heterozygosity (Masonbrink et al., 2019; reviewed by Jones et al., 2013) . To assemble this highly heterozygous population, H. glycines race X12 was first purified using ZDD2315, an elite resistant soybean germplasm in China (Lu, Gai, Zheng, & Li, 2006) with high resistance to all races detected in the SCN survey in Huang-Huai Valleys (Lian et al., 2016) , except for race X12, to which it is highly susceptible. X12 (Hg type 1.2.3.4.5.6.7) was grown on ZDD2315 in a F I G U R E 1 The combination of cysts on soybean roots (a) and micrograph of Heterodera glycines (soybean cyst nematode) second-stage juvenile (J2) (b) [Colour figure can be viewed at wileyonlinelibrary.com]
(a) (b)
greenhouse at HeNanAcademy ofAgricultural Science.The starting culture was a single cyst selected from the X12 population, which was bulked for eight generations on ZDD2315 planted in steam-pasteurized soil and grown with approximately 16 daylight hours at 28°C. The X12 cysts used for genome sequencing were cultivated from soil infected with the 8th-generation purified X12 population. ,1996) .GenomicDNAwasextractedfromapproximately20,000 eggs using MasterPure Complete DNA Purification Kit, and total RNAwasextractedfrom10,000eggsor300J2/J3/J4usingExiqon miRCURYRNAIsolationKit. 
| DNA/RNA isolation
| Genome sequencing
| Genome assembly and quality control
The genome size was estimated based on the k-mer spectrum of denovodata.AllrawreadsfromthePacBioplatformwerealigned to each other using 'daligner' executed using the mail script of the falcon (v0.7) assembler. Overlapping reads and raw subreads were processed to generate consensus sequences, and error correction of the assembly was performed using the consensus-calling algorithm Quiver (smrtlink_5.0.7). The paired-end clean reads from the Illumina platform were further corrected using Pilon (v1.22), and the reads obtained after strict error correction were further used for the subsequent scaffolding.
The 10X Genomics scaffold extension was performed using fragScaff (v140324.1) software, in which the linked reads generated using the 10X genomic library were aligned to the consensus sequence of the PacBio assembly. To obtain the superscaffold, only the consensus sequence with linked-read support was used for assembly.
To assess the accuracy of the assembled X12 genome, a small fragment library was selected for comparison of the assembled genome using bwa software (v0.7.8) (Burton et al., 2013; Li & Durbin, 2009; Rao et al., 2014; Yaffe & Tanay, 2011 
| Repeat prediction
LTR_FINDER (v1.0.7), RepeatScout (v1.0.5) and RepeatModeler (v1.0.3) were used for de novo identification of repeat elements and for generating a repeat element database. This database was used in RepeatMasker (v4.07) to predict repeat elements. Putative repeats were further filtered on the basis of copy number.
| Gene structure prediction
For gene structure prediction, both de novo and homology-based approaches were combined to predict protein-coding genes in the 
| Functional annotation of protein-coding genes
Translated coding sequences were aligned to known databases such as Swiss-Prot (v20180824), Nr (v20180716), Pfam (v31.0), kegg (v20160503) and InterPro (v5.31-70.0). We annotated all proteincoding genes identified in this study by retrieving functional terms according to Swiss-Prot, Nr, kegg, InterPro, GO and Pfam.
| Chromosome preparation
Chromosome preparation was performed according to the method of Du et al. (2016) . Briefly, eggs or J2 were collected and treated with colchicine (0.005 g/L) in 2-ml tubes for 3-5 hr before fixation in a solution of 3:1 ethanol:acetic acid (v/v) for 2-3 days. The samples were suspended in 45% acetic acid and squashed on a slide.
Afterfreezingat−70°Covernight,theslidesthatcontainedmitotic chromosomesweredehydratedin100%ethanolfollowedbyDAPI (4′-,6-diamidino-2-phenylindole) staining, and the chromosomes were observed and photographed under a fluorescence microscope using 450-490 nm excitation.
| Hi-C scaffolding of the assembly to the chromosome level
The Hi-C clean data were aligned to the primary assembly using bwa software. Only read pairs with both reads in the pair aligned to contigs were considered for scaffolding. The scaffolds (greater than 100 bp) were selected by Lachesis (v201701) to scaffold the assembly at the chromosome level.
| Phylogenetic analysis and species divergence time estimation
To investigate the phylogenetic position of H. glycines, orthologous and paralogous groups from 11 species were assigned by OrthoMCL groups that contained only one gene for each species were represented by the gene encoding the longest protein sequence. Genes encoding protein sequences shorter than 50 amino acids were filtered out to exclude putative fragmented genes. All-against-all blastP was applied to identify similarities among the filtered protein sequences in these species with an E-value cut-off of 1e −5 . muscle (Robert, 2004) with default parameters was used to generate a multiple sequence alignment of the protein sequences in each singlecopy family. The alignments of each family were then concatenated to form a superalignment that was used for phylogenetic tree reconstruction using maximum-likelihood methods (Guindon et al., 2010; Yang & Rannala, 2012 
| RE SULTS AND D ISCUSS I ON
| Genome summary
Multiple libraries with different insert sizes were constructed from Figure 2b ). In addition, the sequencing results (SCN_Lian) were compared with the newly released sequencing results (SCN_Masonbrink) of 2019 (Masonbrink et al., 2019) and the genomes of the plant-parasitic nematode M. hapla (Opperman et al., 2008) and the free-living nematode C. elegans (The C. elegans sequencing consortium, 1998) ( (Table S6) ; therefore, the genome assembly has high single-base accuracy. In addition, the GC content and average depth of the assembled genome were calculated and mapped using 10k Windows without repeated calculation. The results showed that the GC content is concentrated in a region encompassing 40% of the genome, without apparent separation, which showed that the genome was not contaminated by foreign sources (Table S7 and Figure S3 ).
TheresultsofCEGMAanalysisdemonstratedthattheassembly was complete, with mapping rate of 86.29% (a total of 214 genes) (Table S8 ). BUSCO evaluation results also indicated that the assembly result was complete, with 53.4% assembled complete single-copy genes of 978 homologous single-copy genes (Table S9) .
Remarkably, only 53.4% of the genes in the H. glycines assembly are single copy according to the BUSCO analysis, with 3.7% duplicated.
For comparison, the BUSCO results for SCN_Masonbrink indicate that 56% of the genes in H. glycines are single copy, with 16% duplicated (Masonbrink et al., 2019) .
Results of repeat prediction showed that the X12 genome contains 51.10% repeat sequences. Repetitive sequence statistics and classification results are shown in Tables S10 and S11 and Figure   TA Blanc-Mathieu et al., 2017; Sato et al., 2018; Szitenberg et al., 2017) .
Gene structure prediction was performed, and 11,882 protein-coding genes were predicted, with a mean of 1,233.92 bp of coding sequence (CDS) and 8.3 exons per gene (Table S12 and Figure S5 ). The transcript lengths of genes, CDSs, exons and introns of SCN are comparable to those of the genomes used for homology-based prediction (Table S13 and Figure S6 ). In addition,noncodingRNAgeneswerepredictedintheSCNgenome, including a total length of 17,688-bp ribosomal RNA (rRNA), 46,685-bp transfer RNA (tRNA), 39,375-bp microRNA (miRNA) and21,549-bpsnRNAgenes(TableS14).Basedonfunctionalannotation of protein-coding genes, 64.5% (7,663), 76.5% (9,093), 60% (7,126), 70.7% (8,405), 49.1% (5,840) and 61.5% (7,303) of genes are annotated in Swiss-Prot, Nr, kegg, InterPro, GO and Pfam, respectively. The four life stages of SCN were isolated and then mixed before sequencing for genome annotation. In total, 9,383 protein-coding genes (79.0%) with conserved functional motifs and functional terms were successfully annotated (Table   S15 and Figure S7) . for SCN_Lian. Second, there were differences in the materials sequenced. The inbred population TN10 (Hg type 1.2.6.7) was used for SCN_Masonbrink, but the natural population X12 (Hg type 1.2.3.4.5.6.7), which is the most virulent SCN population identified to date, was utilized for SCN_Lian. The differences in the pathogenicity of these populations may also be judged from the differential proportions of S genes (50.4% and 45.3% in SCN_Lian and SCN_Masonbrink, respectively) and D genes (2.3% and 8.7% in SCN_Lian and SCN_Masonbrink, respectively) in the BUSCO results (Table 2) . Third, different annotation methods were applied. Gene annotations were performed using Braker for SCN_Masonbrink with an unmasked assembly, which annotated 29,769 genes including 12,357 expressed repetitive elements and showed that the H. glycines genome has a significant number of repeats, at 34% of the genome. To prevent the number of genes from being too high, which can be caused by false positives from repeats during gene annotation, repeat masking before structure annotation was performed for SCN_Lian, as also conducted in many other studies (Xu et al., 2013; Zhang et al., 2019) . To obtain more comprehensive and accurate repeat sequences, homologous sequence alignment and ab initio prediction were performed. Ultimately, 11,882 annotated genes and 51.10% nonredundant repeat sequences were obtained.
| Chromosome observation and Hi-C scaffolding
The chromosome number of H. glycines during meiosis was observed under a fluorescence microscope using 450-490 nm excitation (2n = 18) ( Figure 4) . The Illumina-based Hi-C data were remapped to the PacBio assembly, clustering into nine pseudomolecules using the Proximo Hi-C scaffolding pipeline (Figure 2a ). The Hi-C scaffolding was able to anchor and order with high confidence all of the 258 scaffolds into nine pseudomolecules. The scaffold sizes ranged from 7.6 to 185 Mb with an N50 of 16.3 Mb (Figure 2c ). The overall scaffolding rate was 91.2% (Table S16 ).
| Evolutionary analysis
Atotalof25,535genefamilyclusterswereconstructed.Thegenes used for gene family clustering in each species are shown in Table   S17 . In total, 482 single-copy gene families are common to all 12 species. The distribution of single-copy orthologs, multiple-copy orthologs, genes unique to H. glycines and other orthologs in different species is shown in Table S18 . Protein sequences from the 482 single-copy gene families were used for phylogenetic tree reconstruction, and the estimation of divergence time was performed ( Figure 5) the evolution of nematodes (Danchin & Perfus-Barbeoch, 2009 ). It was also inferred that plant parasites evolved from fungus-feeding nematodes, according to previous results that showed consistent coclustering of plant parasites with fungivorous species (Holterman et al., 2006) .
| CON CLUS IONS
The chromosome-level reference genome sequence of X12, a nota- 
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